The plasmodium of Physarum polycephalum has been used to solve graphically represented puzzles and mimic the development of different types of networks in laboratory experiments. Thus, it can be characterized as a biological computing device. Although this non-silicon computer is mainly using input data solely coded as the distances between points of interest, some other environmental factors seem to have an effect on the behaviour of the plasmodium and, thus, the produced results. These factors can be elevations or illumination of the experimental surface. This paper presents a model based on Cellular Automata (CA) that imitates the results provided by the living substrate which is subjected to the effects of the elevations of the 3-dimensional (3D) experimental surface. Developing software based models is based on their robustness compared to the time-expensive real-life biological computing device. Some trivial experiments are presented to depict the agreement between the resultant networks developed by the simulated and the real plasmodium.
Introduction
The vegetative stage of acellular slime mould Physarum polycephalum, namely plasmodium, is a multi-nuclei single cell, which is, recently, fairly entitled as a biological computer (Adamatzky, 2010) . Due to the simplicity of its physiology and trivial cultivation and handling, it is broadly accepted and commonly used as a living substrate for biological/analog computing (Mayne et al., 2015) . The plasmodium of P. polycephalum is used in carefully planned and conducted laboratory experiments that unveil its computing capabilities on geometrically represented problems (Adamatzky and Jones, 2015) .
The plasmodium, which feeds on microscopic particles, interconnects nutrient sources (NSs) located into its vicinity with a tubular network. The resultant network has the functionality of transporting nutrients and chemical signals throughout the body of the plasmodium. As a great amount of the plasmodium's protoplasmic mass is concentrated over NSs to digest the available nutrients, the network needs to be of short total length and follow a minimum risk path. Consequently, the aforementioned ability of the plasmodium to draw an efficient network to survive in hostile environments, can be interpreted as computing capacity.
As a result, the biological computer, consisted of the plasmodium of slime mould, is introduced with input data that are represented as the topology of NSs. The results of the computation are manually identified with the interpretation of the network developed by the plasmodium, spanning all the NSs. However, the input data can be of higher complexity, as the plasmodium was identified as gravisensitive, positively geotropic (Block et al., 1986 (Block et al., , 1998 and photo-phobic (Ueda et al., 1988; Nakagaki et al., 2007) . Thus, by using elevations or illumination in parts of the laboratory experiment surface, the biological computer acts not only by taking into account the distances between points of interest (NSs) but some other important factors, too.
Given the fact that the laboratory experiments are rather time consuming and the plasmodium, as a living substrate, rarely reproduces the exact same results, software based models are proposed. The selection of Cellular Automata (CA) as the mathematical tool of the proposed model, is based on the fact that the plasmodium does not possess a central nervous system, albeit, has a distributed decisionmaking mechanism. Thus, the local rule describing the evolution of the states in CA is an ideal modeling candidate. Moreover, the movement of the plasmodium towards sources of attraction is considered to occur due to a massive distributed array of membrane-bound sensor proteins that covers the external boundaries of the plasmodium (Glockner et al., 2008) . That distributed sensing mechanism is easily represented by CA and coherent with the emerging of global behavior from local interactions.
Furthermore, plasmodial sensing is continuous and processes of each receptor happen simultaneously. Thus, the inherent parallel nature of CA is a key characteristic for simulating the plasmodium. Nonetheless, that characteristic can further accelerate the proposed model by implementing it to parallel computers or dedicated hardware (Sirakoulis and Adamatzky, 2014) . The proposed model is designed to imitate the foraging behaviour and network design of slime mould when first been starved and then introduced to a surMichail-Antisthenis I. Tsompanas, Georgios Ch. Mimicking the Exploration of 3D Terrains by Physarum with Cellular Automata Models. Proceedings of the European Conference on Artificial Life 2015, pp. 33-40 face that has elevations and several distributed NSs. The proposed CA model was inspired by the CA model presented by Tsompanas and Sirakoulis (2012) . An updated version was suggested, that delivered more realistic results compared with the real motorways and the results from the biological experiments (Tsompanas et al., 2014a,b) . Moreover, the hardware implementation of the aforementioned models was also proposed (Tsompanas and Sirakoulis, 2012; Dourvas et al., 2015; Tsompanas et al., 2014b) . This paper is organized as follows. In the next section some related work is presented. After that the basic CA theoretical background is presented. Moreover, the details on the proposed model and basic results that reveal its applicability are provided. Finally, conclusions and some future work aspects are drawn in the last section.
Related Work
Several scientists who have conducted laboratory experiments with slime mould, have introduced some weight factors as input data in addition to the topology of NSs. These factors were represented by elevations of the terrain and inhomogeneous illumination of the surface. Some recent studies using such configurations are briefly described in the following. Nakagaki et al. (2007) have presented a thorough study of the effect that light density has to the colonization policy of the plasmodium of P. polycephalum. In a simple rectangular experimental surface where the plasmodium has been left to spread, two NSs have been inserted at two opposite sites. The plasmodium was expected to connect them using a straight line. The control experiment has been conducted with a homogeneous light field. To study the effects that the photo-phobic characteristic of plasmodium has on the resultant network, more experiments have been conducted using inhomogeneous light fields with several illumination intensities. The results have been analyzed and the finding that the plasmodium tries to follow the minimum risk path was realized. Also, a mathematical model has been proposed to recreate the results. Tero et al. (2010) have used the topology of cities in the area around Tokyo in a laboratory experiment to compare the results with the man-made rail network. They have observed that the results obtained by slime mould are not identical to the real network and realized that there are some geomorphology constrains in building a rail network such as mountains or lakes. As a result, they have decided to impose the same constrains to the plasmodium by using a variable light intensity to the experimental surface, in analogy with the mountains around Tokyo. That have resulted to networks with greater resemblance to the man-made rail network. Adamatzky (2013) has studied the effects of network development by the plasmodium in terms of elevations on the surface of the laboratory experiment. The routes followed by immigrants from Mexico to the USA have been mimicked by the analogous modeler with the usage of 3D Nylon terrains of USA. Nonetheless, to highlight the significance of elevations to the foraging strategy and network development of the plasmodium, along with the 3D terrain, laboratory experiments with flat surfaces have been conducted as control. As a concluding remark, the author has suggested that the proposed configuration can imitate the human movement around elevations and can inspire algorithms for path planing robots.
Finally, Adamatzky (2014) has used 3D terrains equivalent to the morphology of USA and Germany as laboratory experiment surfaces, to evaluate man-made motorways, namely route 20, the longest road in USA, and autobahn 7, the longest national motorway in Europe. In this thorough study, the routes provided by laboratory experiments have been compared in terms of total length with the exact paths that the real man-made motorways follow. Moreover, laboratory experiments with and without ending points and with 3D terrains and flat surfaces have been conducted and their results have been presented and analyzed. Nonetheless, a computer simulation model have been proposed to imitate the road planing performed by slime mould and the paths provided by the model with different configurations have been presented.
Cellular Automata Basics
Cellular Automata (CA) are an idealization of a physical system in which space and time are discrete, and the physical quantities take only a finite set of values. CA were originally proposed by John von Neumann, who presented them as formal models of self reproducing organisms that can capture the essential features of systems where global behaviour arises from the collective effect of simple components which interact locally (von Neumann, 1966) . Non-trivial CA are obtained whenever the dependence on the values at each site is non-linear. As a result, any physical system satisfying differential equations may be approximated by a CA, by introducing finite differences and discrete variables (Sirakoulis et al., 2000) . A CA consists of a regular grid of cells. Each cell can take, not simultaneously, k different states, where k is a finite number, equal or greater than 2. Cells update their states in discrete time. That means that the state of each cell in the lattice changes only at discrete moments of time, namely at time steps t. The time step t = 0 is usually considered as the initial step and therefore no changes at the state of the cells occur.
For each cell, a set of cells called its neighbourhood (usually including the cell itself) is defined relative to the specified cell (Adamatzky, 1994) . Regarding the twodimensional (2D) CA, there are two fundamental types of neighbourhoods that are mainly considered:
• von Neumann neighbourhood, that consists of the central cell, whose condition is to be updated, and the four cells The state of a CA is described by a set
of variables, that connects with each positionr of the array and expresses the local internal state of each cell at time step t = 0, 1, 2, ... The local transition function is defined as:
and determines the evolution during time, of the internal state of each cell according to the following equation:
where the positionr +~ k , k 2 {1, ..., m} describes the neighbouring cells of eachr cell.
CA have sufficient expressive dynamics to represent complex phenomena and, at the same time, can be simulated exactly by digital computers because of their intrinsic discreteness, i.e. the topology of the simulated object is reproduced in the simulating device (Vichniac, 1984; Mardiris et al., 2008) . Prior and more recent works proved that CA are very effective in simulating physical systems and solving scientific problems, because they can capture the essential features of systems where global behaviour arises from the collective effect of simple components, which interact locally (Feynman, 1982; Wolfram, 1986; Sirakoulis and Bandini, 2012) . Furthermore, they can easily handle complicated boundary and initial conditions, inhomogeneities and anisotropies (Sirakoulis et al., 2000) .
The CA approach is consistent with the modern notion of unified space-time. In computer science, space corresponds to memory and time to processing unit. In CA, memory (CA cell state) and processing unit (CA local rule) are inseparably related to a CA cell (Sirakoulis et al., 2003; Progias and Sirakoulis, 2013) . Finally, CA can be easily coupled with other computational tools so as to significantly enhance their performance and extend their applications field (Werfel et al., 2000; Ashlock and McNicholas, 2013) .
Models based on CA lead to algorithms which are fast when implemented on serial computers because they exploit the inherent parallelism of the CA structure. These algorithms are also appropriate for implementation on massively parallel computers (Spezzano et al., 1996) , such as the Cellular Automaton Machine (CAM) (Wilding et al., 1991) or Field Programmable Gate Arrays (FPGAs) (Mardiris et al., 2008; Georgoudas et al., 2010; Jendrsczok et al., 2009 ).
Proposed Model
The proposed model is designed to imitate the foraging behaviour and connecting strategy of slime mould in laboratory experiments. During these experiments, slime mould is inoculated on a NS and then introduced to an area where several NSs are placed in key positions. The novelty of this model resides in the fact that the possible elevations of the experimental surface have been taken into account. As several studies proposed that there is a significant change in the resultant network when there are elevations on the terrain, previously suggested models (Tsompanas et al., 2014a,b) are updated.
Although the actual laboratory experiments are conducted on 3D terrains (Adamatzky, 2014 ) the CA grid used here is two dimensional. The elevations of the terrain are represented with a constant value on the state (S t (i,j) ) of each cell C (i,j) . More specifically the parameters constituting the state of each cell are the following:
• RS is the parameter illustrating if the corresponding cell is within the reachable surface by the plasmodium,
• ALT is the parameter depicting the altitude of the surface represented by every cell,
• AC is the parameter corresponding to the attractants concentration in every cell emitted by the NSs,
• MC is the parameter corresponding to the protoplasmic mass concentration in every cell and
• T U is the parameter illustrating if the corresponding cell is a part of the tubular network of the slime mould.
Note here that ALT parameter is taking values in absolute units, to represent a relative difference of the elevations of adjacent cells. Consequently, the state of every cell C (i,j) at a given time step t is given in Eq. 4. The neighbourhood type used for the proposed model is Moore neighbourhood, which is described in the previous section.
The cells of the CA grid represent the whole surface of the laboratory experiment. Thus, the cells represent unreachable (cells in set U ) as long as reachable (cells in set R) by the plasmodium surface. Moreover, each NS is represented by one cell (cells in set N ). The point where the plasmodium is initially introduced to the experiment surface (starting point or SP) is, also, represented by one cell (cell in set I). Given all the aforementioned equation (5) can be defined. The RS parameter has a corresponding value depending on the cell's set (as depicted in Eq. 6).
The model is analyzed in the following sequence of procedures:
1. Initialization of the model. The parameters of the diffusion equations are set and the topology of the SP and the NSs is introduced to the model.
Apply the diffusion equations for 50 time steps (t).

Check if any of the NSs is covered with a predefined percentage of MC (T MC).
If there is at least one NS covered continue, else go to 2).
4. All NSs covered with T MC, are encapsulated by the plasmodium and therefore connected to a SP.
The NSs mentioned in 4) change into SPs, meaning their
MC is set to 100. If no more than 5,000 time steps have passed (t < 5, 000) go to 2), else continue.
6. Redefine all the cells of "interest" (NSs and SP) as NSs, except from the second to last NS encapsulated for the previous 5,000 time steps which is redefined as a SP. Execute for a second time procedures 2)-5).
Having briefly presented the outline of the model, Eqs. 7 and 8 can be defined to give values for MC and AC of cells constituting sets U , I and N , respectively.
In order to clarify the model's procedures, every single one will be further explained here. The initialization step includes the definition of parameters that have a great impact on the results of the model. These parameters include the length of the CA grid, the diffusion parameters for the mass concentration (MCP 1, MCP 2) and attractants concentration (ACP 1, ACP 2), the minimum percentage of attractants concentration detected by the plasmodium, the attraction of the slime mould by attractants (P A -Physarum Attraction) and the threshold of mass concentration that encapsulates a NS (T MC). Also the topology of the NSs and the SP is introduced to the model.
After the initialization and for 50 time steps, diffusion equations are used to calculate the values for AC and MC for every cell in the grid. Every cell uses the values of its neighbours at time step t to calculate the value of the parameters for time step t + 1. The contribution to the diffusion of the mass concentration of the von Neumann neighbours (MCvNN) of the C (i,j) cell is described in Eq. 9, where k and l are set to values that correspond to the exclusively von Neumann neighbours. Moreover, the contribution to the diffusion of mass concentration of the exclusively Moore neighbours (MCeMN) of the C (i,j) cell is described in Eq. 10, where k and l are set to values that correspond to the exclusively Moore neighbours. The total mass concentration for cell C (i,j) for time t + 1, is a sum of the contributions of its neighbours with appropriate weights and is described by Eq. 11, respectively.
It should be noted that if a neighbouring cell is representing unavailable area, there is no contribution to the diffusion (neither positive nor negative). Moreover, the parameter IC (i,j), (k,l) , that takes values as in Eq. 12, includes the gravisensitive characteristic of slime mould, which is depended on the difference of altitudes between two adjacent cells and a coefficient (InCoef ). That coefficient is used in order to depict different levels of mobility capabilities of the plasmodium. The parameter P A (i,j), (k,l) represents the attraction of slime mould in cell C (i,j) towards the direction of an adjacent cell C (k,l) , modeling the attraction towards the higher gradient of attractants. It is equal to a predefined constant (P AP ) for the neighbour with the higher value of attractants concentration and equals to the negative value of the same predefined constant for the neighbour across the neighbour with the higher value of attractant. For all the other neighbours the parameter P A is equal to zero. The definition of the P A parameter for cell C (i,j) towards its north neighbour (C (i 1,j) ) is illustrated in Eq. 13.
Furthermore, the contribution to the diffusion of the attractants of the von Neumann neighbours (ACvN N ) of the C (i,j) cell is described in Eq. 14. Also, the contribution to the diffusion of the attractants of the exclusively Moore neighbours (ACeM N ) of the C (i,j) cell is described in Eq. 15. As a result, the total attractants concentration parameter for a C (i,j) cell for time t + 1 is described in Eq. 16.
Note here that if a neighbouring cell is representing unavailable area, there is no contribution to the diffusion (neither positive nor negative), as in the diffusion of mass concentration. Moreover, the multiplication with the parameter CON , provides the imitation of the consumption of the attractants substances by the plasmodium.
After every 50 time steps of calculating the diffusion equations in the available area, if any NS is covered with the predefined MC (T MC), it is connected with a SP with a path that follows the gradient of the MC to the higher value. More specifically, starting from the cell representing the encapsulated NS, the adjacent cell with the higher MC value is selected to participate to the tubular network. Then the cell selected to participate to the tubular network selects the next cell from its neighbours with the higher MC value to participate to the tubular network and so on, until a SP is reached.
Then, this NS will be transformed to a SP (MC = 100) and will act as a SP for the remaining time steps, as illustrated in Eqs. (7) and (8), respectively. If more NSs are covered with the predefined MC, they are connected to the nearest SP and they are all transformed to SPs.
Experiments-Results
To study the successful mimicking of the slime mould's behaviour by the model, some basic graphical configurations have been used as input data. Namely, a rectangular CA grid is assumed with the surrounding cells set as unreachable cells (in set U ), one cell is defined as a SP which is located on the lower right region of the surface, while one cell is defined as a NS (or a destination point) which is located on the upper left region of the surface. These assumptions are the same for all the paradigms presented here. Nonetheless, the parameters for the model are same throughout all the experiments and illustrated in Table 1 In the first experiment, an obstacle is placed near the destination point as depicted in Fig. 1(a) . The purpose of this experiment is to test whether the model will route around the obstacle that is formed as a double ramp which intersects the theoretical shortest path. After 2000 time steps the resultant connection is definitely avoiding the obstacle, but also keeping the total length as short as possible as realized in Fig.  1(b) .
Another experiment is conducted with an obstacle placed in the center of the experimental surface, as illustrated in Fig.  2(a) . Once more, the obstacle is located in the path of the shortest connection between the two points and has a shape similar to a pyramid. Thus, the model designs a connection that bypasses the obstacle from the lower segment of the surface, as shown in Fig. 2(b) .
In the next experiment the same pyramid-shaped obstacle is placed a bit lower than the center of the surface (Fig.  3(a) ). In that way the model is biased to provide a connection routed in the upper section of the surface. That is the case here, as presented in Fig. 3(b) .
In order to study whether the provided connection may overcome an obstacle, an experiment with a larger than the previous, pyramid-like obstacle placed in the center of the surface is conducted (Fig. 4(a) ). Furthermore, the obstacle has a larger base but its higher altitude is lower than the previous obstacles, namely the altitude of the top of the pyramid is 5 units. As illustrated in Fig. 4 ated the route bypassing the obstacle as less efficient than the straight line overcoming the obstacle. As a result, the straight line path is the one that was finally drawn. Moreover, note here that the base of the obstacle is adjacent to the two points, a fact that makes the bypassing route the longest possible. Finally, for the last experiment, an obstacle with two levels, introducing some inhomogeneity in the altitude of the surface, is placed as shown in Fig. 5(a) . The base of the obstacle here is the same as the previous experiment, however, there is a steeper increase of the altitude in the center of the obstacle. That inhomogeneity causes the resultant path to maneuver around the higher altitude as depicted in Fig.  5(b) .
Note here that in the cases of Figs. 2, 3 and 5, the model has connected the two points through a fairly short path, however, it did not follow the straight lines on the shortest possible path. That is partially based on the fact that the cells placed on the boundaries of the CA grid have no contributions, positive or negative, to the diffusion equations, as described previously. As a result, the concentration of the simulated protoplasmic mass will be accumulated faster on the barriers of unreachable and reachable surface. In addition to that, the grid length is defined at a marginal level for demonstration reasons. As a result, the approximation of the diffusion equations on crucial cells near the shortest possible path, are greatly affected from the boundaries. Having explained that, the tubular network produced by the model has slight deviations towards the boundaries of the CA grid, where some of the simulated protoplasmic mass concentration is higher than expected. Nonetheless, the laboratory experiments with slime mould do not produce networks consisted of straight edges, thus, this can not be considered as a disadvantage of the model.
Conclusions
The plasmodium of Physarum polycephalum has been used as a biological substrate for analogous/biological computers. The inputs on this new kind of computer were often the topology of points of interest (SP and NSs) and the outputs were the tubular network developed by the plasmodium. Lately, the inputs used have been made more complex, introducing the gravisensitive and photo-phobic characteristics of slime mould. Thus, the software based models developed in previous studies were redesigned, to accommodate the gravisensitive factor in the network development procedure. The updated model was, also, based on CA principles due to their inherent parallel nature and lack of central control, in accordance with the biological substrate. The resulting networks provided by the initial experiments presented in this paper are in good agreement with the behaviour of the real slime mould, avoiding steep obstacles while keeping the network as efficient as possible in terms of total length.
As an aspect of future work, the applicability of the model will be tested in experiments conducted with more complicated data. Namely, data based on the morphological characteristics of terrains of countries will be used and the results of the model will be compared with the results of manmade motorways and the results of laboratory experiments with slime mould on 3D terrains. Finally, the photo-phobic characteristic of slime mould will be included in the biomimicking model, to obtain even more realistic results.
